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Coupled-cluster studies of the hyperfine splitting constants
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Hyperfine splitting constantéhfs) of the X 2A’ electronic ground state of the thioformyl radical
(HCS have been determined at the coupled-cluster level with single, double, and perturbatively
applied connected triple excitatiof€CSDO(T)] using 39 basis sets. Variation of the COQSD
hyperfine splittings with basis set was ascertained using a fixed geometry, optimized at the
CCSOT) level with Dunning’s correlation-consistent polarized valence quadriigdesis set
(cc-pVQ32). Pople basis sets, 6-314G+ (2d,2p) and 6-311G +(3df,3pd), give H isotropic
coupling constants' As)) in good agreement with the experimental vibrationally averaged value
of 127.4 MHz, deviating by 55 and 9.3 MHz, respectively. Dunning’s valence
correlation-consistent basis sefsc-pVDZ, aug-cc-pVDZ, cc-pVTZ, aug-cc-pVTZ, cc-pVQZ,
aug-cc-pVQZ deviate 6.4 MHz(aug-cc-pVQ4 to 14.9 MHz (cc-pVD2) from the experimental
value. The correlation-consistent core valence analogues of these sets give very similar values with
deviations from experiment of 7.4 MHzcc-pCVQ2 to 14.2 MHz (cc-pCVD2). A direct
comparison with the vibrationally averaged experimental value is not precisely possible since the
hyperfine splittings are strongly geometry dependent and all theoretical predictions refer to the
equilibrium geometry. Small Pople basis s€sl12G, 6-31G, and 6-31)@ive the worst results,
deviating by 49.5, 34.1, and 31.8 MHz, respectively. All CEED'H A, values fall below the
experimental value. Th&’C and®3S hyperfine splittings are not known experimentally, but the
equilibrium values are predicted here to be 274.7 MHZ) and 21.7 MHz {3S) at the cc-pCVQZ
CCsOT) level of theory. Significantly different values are predicted by density functional theory
(DFT) for the °C and %3S hyperfine splittings. €2000 American Institute of Physics.
[S0021-960600)31613-0

INTRODUCTION (CH3),S.* In a series of recent articles, Kaiset al. have

Impact models of the recent collision of the Shoemaker-discussed the dynamics of th&R) C plus (X °A;) H,S re-
Levy 9 comet into Jupiter have required the thioformy! radi-action which also produces the HCS radicaf? Their
cal (HCS) to be present as an intermediate to account for th€rossed molecular beam studies indicaj&€ is first formed
wide range of sulfur-containing compounds detected in th@&nd undergoes hydrogen migration to yield thiohydroxycar-
Jovian atmosphere?® Many research groups are attempting bene(HCSH). The S—H bond of this species ruptures to give
to elucidate the nature of the related atomic and moleculagX 2A’) HCS and £S,,,) H.?? Habaraet al. subsequently
collisions in space. However, much remains to be studied imsed Fourier transform millimeter-wave spectroscopy to ex-
the realm of interstellar sulfur chemistty'® While several tract fine and hyperfine splitting constarits's) of ground
sulfur compounds have been detected in spatei*reac-  state HCS It should be noted that the experimental splitting
tion models have struggled to predict consistent values fogonstant was inevitably obtained from a vibrationally aver-
sulfur abundanceS*° Although many detailed reaction aged structure which is inherently different from those ob-
mechanisms have yet to be resolved, tK€A’) HCS radi-  tained inab initio equilibrium treatments. The positive iso-
cal is now established as the major product in the collision ofropic hyperfine splitting(or Fermi contact terpnof 127.4
(®P) C and (X ?A;) H,S—a central reaction in the neutral- MHz indicates that HCS is asr-radical with a singly-
neutral molecular synthesis of sulfur compoundghis el-  occupieda’ molecular orbital(SOMO) extending over a
ementary reaction may also play a key role in sooty flamearge portion of the molecular plafiéihe analogousX 2A’)
chemistry as rate constants associated wis Hnd C have HCO molecule likewise has a positive Fermi contact term,
been shown in some cases to be competitive with those dfowever with a much larger value, 388.9 MHz, suggesting
molecular and atomic oxygert° that HCS has a wider bond andité?

The HCS radical was first observed in 1992 by Anacona  Several theoretical studies on HCS have been performed
using far-infrared laser magnetic resonance to monitor thend are summarized in Table I. In 1983 the fiat initio
reaction of atomic fluorine wit{CHz)SH, (CH,),S,, and  examination by Goddard predicted a geometry with
ro(C—H)1.086 A, r,(C-91.570A, 6,(H-C-9132.8° us-
dpresent address: Sandia National Laboratories, MS 9214, Livermoréng the configuration interaction method including single and

California 94551-0969. double excitation$CISD) coupled with a doublég-basis set
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TABLE 1. Equilibrium geometries and harmonic vibrational frequentigfsthe X 2A’ state of HCS.

Method Total energyhartree roy (B) res(B) e (deg  wi(2')  wy(a')  ws(a’)
DZP CISD 1.086 1570 1328 2990 1145 874
DZP MCSCF4 1.083 1573 1328 3209 1178 876
6-31G MpP2f 1.091 1512 1341 .-
6-311G™* CISD? 1.083 1557 1324 3202 1265 875
TZ(2df,2p) CASSCH" 1101 1582 1320 3006 1146 886
QZz2P CCSDT)* 1.087 1564 1323 3146 1218 837
DzP ccsaT) —436.246 032 1.102 1591 1299 3124 1190 890
TZ2P(f,d) CcCSOT) —436.332 281 1.083 1569 1314 3163 1203 861
cc-pvQZ CCSIT) —436.393 095 1.085 1558 1322 3148 1223 836

®Frequencies in ci.

bGoddard(Ref. 24 scaled frequencies.

‘Senekowitsclet al, Ref. 74.

YMulticonfigurational self-consistent field with 19 reference configuratidh€SCB.
Curtisset al, Ref. 75.

Second-order Mgller—Plesset perturbation thed{p2).

9Webster(Ref. 41, frequencies by perturbation theoffgef. 42.

"Clouthieret al, Ref. 9.

iComplete active space self-consistent fi@@SSCH considering 11 electrons in 9 valence orbitals.
IKaiseret al, Ref. 22.

kOchsenfeldet al, Ref. 72.

"This work.

with polarization functions(DZP).>* The latestab initio  sity functional theory hfs calculations were also carried out
study on HCS by Kaisegt al. predicted a remarkably similar using the Becke-3/Lee—Yang—PdB3LYP) functional us-
geometry of re(C-H)1.087A, ro(C—91.564A, ing both DFT and CCSO) optimized geometries and as-
0.(H-C—9 132.3° using coupled-cluster methods with sorted basis sets.
single, double, and perturbatively applied connected triple
excitations CCSOT)] and a much larger quadruplequal- o\ SIDERATIONS FOR HYPERFINE SPLITTING
ity basis set with two sets of polarization functidi@z2pP. CONSTANTS

Many studies have noted the sensitivity of hyperfine
splittings to geometry, basis set size, and level of theory The coupling between the spins of an unpaired electron
employed®~3° Gauld, Eriksson, and Radom noted for 11 and magnetic atomic nuclei induces a splitting of peaks in an
small radicals, agreement within about 10% can be obtainegllectron spin resonan¢eSR spectrum known as the hyper-
between computed and experimentally determined hyperfinéine splitting. These splittings are often observed on a num-
splittings when highly correlated methods and large Poplder of peaks due to the “spread” of a radical electron over a
basis sets are used, e.g., QC($P6-311+G(2df,p). They large part of the molecule as it interacts with a number of
also found that the popular Dunning correlation-consistenfiuclei:® The hfs are thus a useful tool to gauge the extent of
basis sets usually gave poorer results due to the highly corthe unpaired electron delocalization. These constants may be
tracted nature of their core functioffs.Cramer and Lim factored into isotropic Ais)) and anisotropic Aanisd terms.
found that for 25 systems containing phosphorus, the spinThe isotropic term may be considered a measure dfar-
unrestricted Maller—Plesset second-order perturbation theo§cter in the radical electron’s molecular orbit&This con-
(UMP2) method applied at 6-31GHartree—Fock geom- Stant depends explicitly on the local value of the wave func-
etries yielded fair agreement with experiment wih A,  tion at the nuclei, and is therefore also called the Fermi
splittings deviating an average of 38.8 MEPzDensity func- ~ contact ternt® The electronic density at the nucleus is re-
tional theory(DFT) treatments typically producéd A, val-  lated toAis, (popular units in the literature for hfs are mega-
ues in error by about 10—30 MHz for similar small molecularhertz and gauss (2.8025@ MHz)) in the following way:
system$®3! A very recent study by Chen and Hu#fg 87
shows that B3LYP isotropic hyperfine constants for HCS are AiSOZ%geﬂeg|[3N|‘I’o|2, 1)
in excellent agreement with experiment, ranging from
127.4-129.1 MHz. It should be noted that the fabtinitio =~ whereh is Plank’s constany, is the electronig-factor, 8,
prediction of'H A, for HCS (109.8 MH2 was obtained by is the Bohr magnetory, is the nucleamg-factor, By is the
Webster at a CISD 6-31T® geometry using a second- nuclear magneton, andV,|2 is the unpaired electron spin
order perturbation method developed by Kréfifi? In light ~ density at the nucleus.
of these findings, we have examined all the hyperfine split-  Sinces-orbitals have no node at the nucleus, the isotro-
ting constants for HCS using a wide variety of basis sets ang@ic constant is highly sensitive to tisespace orbital descrip-
a highly correlated metholCCSIO(T)] in order to further tion. Unlike Slater-type orbitals, Gaussian functions do not
elucidate empirical trends and to examine the effects of sysdisplay the proper cusp condition at the nucleus. However,
tematically uncontracting the andsp-spaces. Limited den- there is some controversy as to whether or not a highly satu-
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|60 |61

rated space of-type Gaussian orbitals is needed to reliablyfunctions of Frisctet al>” and Clarket al.>* These basis sets
predict these valuegs:?8384445Fqr radicals with singly oc- have  contraction  schemes  of  H{#p/4s2p),
cupiedo-type orbitals(o-radicals the A5, value is positive. C(126p2d/5s4p2d), S(1410p2d/7s6p2d), (72 func-
Theoretically, the wider a bond angle, the mareharacter a tions and H(6s3pld/4s3pld), C(1%6p3dif/
singly-occupied molecular orbitdBOMO) contains and the 5s4p3d1f), S(1410p3d1f/7s6p3d1lf), (104 functions,

smaller theA;;, constant. respectively. The full cc-pVTZ and augmented cc-pVTZ
(aug-cc-pVTZ basis sets of Dunning and Wabr® were
COMPUTATIONAL DETAILS used with contraction schemes of HZpld/3s2pld),

Energies were obtained using spin-unrestricted HartreeE:(mSSpZd1f/433p20|1f ), S(159p2d1f/5s4p2dif),

: . .~ (78 functions and H(63p2d/4s3p2d), C(11s6p3d2f/
Fock (UHF) refe'rence wave functions com'bmed Wlt'h sAp3d2f), S(16:10p3d2/6s5p3d2d), (119 func-
coupled-cluster single, double, and perturbatively applie ions, respectively. The same cc-pvVOZ basis sets
connected triple excitationfCCSD(T)].*6~*° Density func- ’ P Y P

. . of Dunning and Woon described above was used as
tional theory was also employed using the three-parameter

. . . Il as their aug-cc-pVQZ basis set with the contraction
HF/DFT hybrid Becke exchange functior8lwith the cor- we
relation fu)rqctional of Lee Yagg and PaB3LYP).>! No scheme of H(134p3d2f/5s4p3d2f), C(1%7p4d3fag

orbitals were frozen in the CCSD) procedures. The ground /6s5p4d3f2g), S(1&12p4d3f2g/7s6p4d3f2g), (210

state?A’ occupation of the HCS radical i6, symmetry is functions.>>**
P sSY y Hyperfine splittings (hfs) were determined from
[corgl(6a’)?(7a’)%(8a’)?(2a”)%(9a’)?(10a’). CCSDT) and B3LYP spin densities using the optimized

Stationary point geometrical structures were optimizedC CSOT) cc-pvQZ geometry and 39 basis sets. The hfs were

within Cg symmetry constraints using analytic gradient tech-also obtained using the BSLYP method at the six B3LYP

niques, until residual Cartesian coordinate gradients Wergpt|m|zed geometries. Single point energy and one electron

less than 10° a.u. with the exception of optimizations at the PrOPEMY calculations were carried out with the standard
P P DZP*?7% (48 functions, 3-21G%% (24 functions,

cc-pVQZ CCSIT) level of theory. The latter structure was 4,65 . 8,59 .
determined using finite differences of energies while main—6'3166 (24 functions, 6-311G (37 functions,

58-61 H
taining the 10°a.u. gradient convergence criterion. The iilé$;(§d5’£%1 104 f(72t' functui;lg,z 3;5':?116
CCSOT) force constants were determined by finite differ- i (3df,3pd) VDZ( 59 funct_|on$, CC_%VDZ(SO func-
ences of analytic gradienf®ZP and TZ2Pf,d) basis setk ions), aug-cc-p (59 functions, cc-p (50 func-

or finite differences of energie&c-pvVQZ basis s¢twhile t?ons), aug-cc-p(i/\{rDZZ(ﬁgfu?ctio_ns, cc-pVTCZ:V(_I7_§ fulrlcg
DFT force constants were determined analytically. tions), aug-cc-p ( unctions, - cc-p (

P : . functiong, aug-cc-pCVTZ(157 functiong, cc-pvVQZ (144
Equilibrium geometries were optimized at the CGFD . .
level using three basis sets. The smallest was a DZP basﬁ%rllgt'&fi'tig%%gs\é%é ;12532: a{z3(;t;fsn;écigdofil;ge-(f:gl_lg\véﬁé
consisting of the Huzinaga—Dunning—HAay>* set of con- ; ;
tracted Gaussian functions, but with sets of fd#ype and E’:;'fiﬁ;:invgegisth%nz;(r;%opl};?ggggaSgS %62'19&2;6?“;?8 DzP
three p-type polarization functions from Dunning and ' P '

Woon's correlation-consistent doubfe<{cc-pVD2) basis tions), ucsp 3-21G45 functions, ucs 6-31G(45 functions,

set§556 centered on the heavy atoms and hydrogen, respediSP 6-31G(72 functions, ucs 6-311G(52 functions, ucsp

tively. The contraction scheme for the set was® 511G (70 functions, ucs 6-311G +(2d.2p) (87 func-

tions), ucsp 6-311G +(2d,2p) (105 functiony, ucs
H(4slp/2slp), C(9s5pld/4s2pld), S(1x8pid/ :
6s4pld). A TZ2P(f,d) basis was formed from the 6-311G* +(3df,3pd) (119 functiony, ucsp 6-311G

Huzinaga—Dunning">’ sp sets augmented with two sets of +(3df,3pd) (b3ng$2?tion$i’ ucs cc-pvbz (Sigugcs'
polarization functions from Dunning and Woon's cc-pVTZ tions), ucsp cc-p (74 functions, ucs aug-cc-pVDZ

set$>® (two sets of fived-type functions on S and C and functions, ucsp aug-cc-pvDA96 functions, ucs cc-pVTZ

: 96 functions, ucsp cc-pVTZ(117 functiong, ucs aug-cc-
two sets ofp-type functions on Has well as a set of seven ( ; .
f-type functions on S and C and a set of foliype functions PVTZ (137 function$, ucsp aug-cc-pVTZ158 functions,
on H. The contraction scheme for this setUCS Ce-PVQZ(163 functions, and ucsp cc-pVQZ187 func-
was H(52pld/3s2pld), C(10s5p2dif/ds3p2dif),  Uons- . . N
S(159p2d1f/5s4p2d1f). The largest basis set used for Spin densities used to determine hyperfine splitting con-

CCSDT) geometry optimizations was the full cc-pVQZ stants_ were computed at the CGSD levels utilizing the
basis set of Dunning and Wodit® with a contraction analytical coupled-cluster relaxed ~density>""c* All

scheme of H(83p2d1f/4s3p2d1f), C(126p3d2flg/ CCSOT) and DFT computations were carried out using the

5s4p3d2flg), S(1611p3d2f1g/6s5p3d2flg). The ACES Il (Ref. 7_0 and GAUSSIAN 94 (Ref. 71) program pack-
DZP, TZ2Pf,d), and cc-pVQZ basis sets contained 48, 76,29¢S: respectively.
and 144 total contracted functions, respectively.

Equilibrium geometries were optimized at the B3LYP RESULTS AND DISCUSSION
level using six basis sets. The basis sets designated 6-31
++(2d,2p) and 6-311G- +(3df,3pd) were used and
formed from the 6-311G basis set of Krishnanal>® and All optimized geometries and vibrational frequencies are
McLean et al®® combined with the polarization and diffuse listed in Tables | and Il. The CCSD) bond lengths and

1 .
GGeometry and frequencies
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TABLE II. B3LYP equilibrium geometries for th& A’ state of HCS. TABLE V.

Petraco et al.

Isotropic hyperfine splitting (MHz) computed with the
CCSDOT) method using Dunning basis sets for théA’ state of HCS at the

Basis set ren (A) res () 0. (deg cc-pVQZ/CCSDT) optimized geometry.
6-311G+ +(2d,2p) 1.088 1.562 131.6 Basis Total energyhartred  'H 13c ssg
6-311G+ +(3df,3pd) 1.088 1.557 132.5
cc-pvTZ 1.088 1.563 131.9 DzP —436.244 860 120.06 30451 19.82
aug-cc-pVTZ 1.088 1.563 132.0 ucs DZP —436.249 174 112.82 283.95 22.75
cc-pvQz 1.087 1.559 132.3 ucsp DZP —436.375 216 11358 277.01 22.66
aug-cc-pvVQZ 1.087 1.559 132.3 cc-pvDZ —436.189 001 11250 294.38 27.60
ucs cc-pvDZ —436.232 485 110.18 288.35 21.84
ucsp cc-pvDzZ —436.393 190 111.28 283.40 21.48
aug-cc-pVDZ —436.208 095 114.61 276.68 32.83
angle change less than 0.01 A and 0.8° when the basis set i8/°S aug-cc-pv\%z _322}21?(1) igg ﬂg-gg ;g%gg ;igi
. g . ucsp aug-cc-p —436. . . .
increased frpm TZ2H(d) to cc pVQZ, suggesting tha_t the co-pVTZ 436,325 650 11868 24818 2940
geometry will change very little upon further extension of s cc.pvrz —436.356 811 116.80 271.91 23.12
the basis set. The same conclusion may be reached uporucsp cc-pvTz —436.494 760 117.55 271.89 23.30
examination of the B3LYP optimized geometries. The aug-cc-pvTZ —436.337 303 119.68 246.99 29.48
B3LYP bond lengths and angle change less than 0.01 A anducs aUQ'CC'pV\EZ ‘igg-ggi gég ﬂ;-gg gggg 23-2;
° . : . _ ucsp aug-cc-p - . . . .
0.7°, respe.ctlvely. Computations using Cd%pand the cc co-pvOZ L 136,393 095 12005 266.70 23.80
pvQZ bas'ls. set represent the highest Igvellof t.heory for yes ce-pvoz —436.415 938 12049 27352 2351
which optimized geometries and harmonic vibrational fre- ucsp cc-pvQz —436.536 906 121.13 273.95 23.40
guencies were obtained. As expected, the theoretical param-aug-cc-pvQZ —436.396 845 121.06 263.95 23.69
eters at this level almost match those found by Kaeteal. Expt? 127.43

and Ochsenfelet al. at the QZ2P CCSO) level 2272 Al-
though no experiment has been performed to precisely dete?Expeljimentally determinedvibrationally average isotropic hyperfine
mine the structural parameters of the HCS radical, the con<oUPling constantRef. 8.

sistency with previous calculations and the high level of

theory employed suggest experimental techniques would

yield very similar values. The theoretical geometries are irmol) higher than the 6-3116+ (3df,3pd) basis set with
agreement with the qualitative experimental deductions oPnly 104 functions, at the cc-pvVQZ CC$D optimized ge-
Habara et al, i.e., HCS has a bent structure wit,  ometry. Upon freezing the six core functions of cc-pvVQZ

symmetryf? and the six core along with the highest virtual orbital of
6-311G+ +(3df,3pd), the former produces an energy lower
. by 0.0327 hartre€20.5 kcal/mo) consistent with the ex-
Energetics

pected trend. The energies listed in Table VII demonstrate
Energy determinations weret obtained within the fro-  that upon freezing core and high-lying virtual orbitals, at the
zen core approximation. While this leads to geometries ircc-pvVQZ CCSIT) optimized geometry the selected basis
good agreement with previous results, as can be seen frogets produce lower energies as the number of functions in-
the single point energies listed in Tables I, IV, V, and VI creases. The Dunning valence correlation-consistent basis
the energetic results can be a bit anomalous when comparirggts were expressly constructed using the frozen core ap-
Dunning valence correlation consistent basis §etpVXZ)  proximation and not deleting any virtual orbitafs>® Thus
to Pople basis sets. For example the cc-pVQZ basis set withising the frozen core/virtual approximation yields good op-
144 functions yields an energy 0.0676 hartfd2.4 kcal/  timized geometries and relative energetics. However, hyper-
fine splittings are core electron properties, and there is no
theoretical basis for freezing core when obtaining these val-

TABLE ll. Isotropic hyperfine splitting (MHz) computed with the ues

CCSD(T) method using small Pople basis sets for A’ state of HCS at
the cc-pVQZ/CCSD) optimized geometry.

Basis Total energyhartree H 3¢ 33g TABLE V. Isotropic hyperfine splitingMHz) computed with the CCSO)
method using Dunning core valence correlation-consistent basis sets for the

3-21G —433.867677 7791 32621 1754 g giate of HCS at the cc-pVQZ/CCSD optimized geometry.
ucs 3-21G —434.286 895 78.67 282.87 15.76
ucsp 3-21G —434.436 273 79.86 279.53  16.05 Basis Total energyhartre@ 1H 130 33g
6-31G —435.982 103 93.33 379.29 2445
ucs 6-31G —436.035 062 91.38 343.64 20.41 cc-pCvDzZ —436.434 025 113.21 279.19 27.84
ucsp 6-31G —436.202 969 93.11 335.01 21.09 aug-cc-pCvVDZ —436.453 107 115.22 263.58 33.16
6-311G —436.155 522 95.68 340.02 20.42 cc-pCVTZ —436.663 745 118.47 27290 18.56
ucs 6-311G —436.169 150 94.87 335.86 22.43 aug-cc-pCVTZ —436.670 502 119.34 265.42 19.69
ucsp 6-311G —436.231 981 95.33 335.50 22.81 cc-pCvQz —436.741 131 120.07 27474 21.69
Expt? 127.43 Expt? 127.43

#Experimentally determinedvibrationally averaged isotropic hyperfine
coupling constan(Ref. 8.

#Experimentally determinedvibrationally averaged isotropic hyperfine
coupling constantRef. 8.
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TABLE VI. Isotropic hyperfine splitting (MHz) computed with the TN (MHz)

CCSO(T) method using large Pople basis sets forXA’ state of HCS at iso
the cc-pVQZ/CCSDT) optimized geometry.

-4 008
4 006
< 0°00}
+4 00k
-4 002k
~ 00t

o'ovl

Total energy

3-21G b

Basis (hartreg H B¢ RS ucs 3-21G | v < A

ucsp 3-21G | S g E

6-311Gt+ +(2d,2p) —-436.378 706 121.96 265.59 20.28 s G ® g
ucs 6-311G- +(2d,2p) —-436.390830 119.57 263.60 23.45 ucsp 6-31G | 2 8 {Q
ucsp 6-311G- +(2d,2p) —436.453844 120.00 263.46 23.85 gsne - % T 1
6-311G+ +(3df,3pd) -436.460718 118.17 263.39 20.91 uosp 631G | @ g ] g
ucs 6-311G- +(3df,3pd)  —436.471805 116.79 262.01 24.21 ggugﬂgggp; - & 1=
ucs 6- ++(2d,2p) - 9 -
ucsp 6-311G-+(3df,3pd) —436.535081 117.14 261.61 24.71 uosp 6-311G4+(2d.2p) | 5 1=
6-311G++(3df,3pd) |- g 4>
Expt? 127.43 - ucs 6-311G++(3df,3pd) |- S 1z
ucsp 6-311G++(3df,3pd) 32 1«

L 2
#Experimentally determinedvibrationally averaged isotropic hyperfine L g5 4 %
coupling constan(Ref. 8. DZP - 5 128
ucs DZP = 4 =
ucsp DZP | ® 48
cc-pvDZ | 1=
. " ucs cc-pVDZ | 1 0
Hyperfine splittings ucsp cc-pVDZ | {1 w
cc-pCVDZ - o 18
CCSD(T) hydrogen isotropic splittings ues 333_32_5,:38% i 35 1=
_ ] ) . ucsp aug-cc-pvDZ a 1s
Theoretically determined values for the isotropic por- aug-cc-pC\\//I_?_% - g 18
tions of the'H, *3C, and33S hyperfine splitting constants ucs comvTZ | & g
obtained using CCS@) spin densities appear in Tables I, N oS [ % 1%
IV, V, and VI. Focusing on the isotropic values fdH aug-ce-pVTZ - 18
1 . i i . ucs aug-cc-pVTZ =,
(*HAo), Figure 1 illustrates that there is no well-defined UCS‘;a“%f‘;'Cpﬁ% - 12

. . . . . ug-CC-| r T
relationship between accuracy and basis set sophistication, 9 co-pvQz | {%

other than the fact that very large basis sets are in general s ez [ ]

cc-pCvVQZ + 4

better than very small sets. There are, however, four groups aug-copvaz | ]

of basis sets which give similar results. SEE—

The first group contains the smaller standard Pople basig. 1. variation of the equilibrium CCSD) *H Ay, values as a function
sets consisting of 3-21G, 6-31G, and 6-311G and their unef basis set. The vibrationally averaged experimental véshewn as the
contracteds and sp counterparts listed in Table Ill. These solid horizontal ling has a value of 127.4 MHz. All hyperfine constants
sets on the whole yield the worst results compared to exper?’yere computed at the cc-pVQZ/CCED optimized geometry.
ment; however this might be expected due to their poor de-
scription of thes-space® The *H A, vary from the vibra-
tionally averaged experimental value of 127.4 MHz by 31.8
MHz (6-311G, 24.9%-49.5 MHz(3-21G, 38.9% As basis
set size increases, uncontracting $repace slightly degrades
the accuracy with deviations from experiment of 31.8—48.
MHz (25.6%—-38.3% Uncontraction of thesp-space how-
ever shifts the values narrowly toward experiment with de
viations from 32.1-47.6 MH%25.2%—37.3%with increas-
ing basis set size.

The Dunning valence correlation-consistent basis set
(cc-pvDZ, aug-cc-pvVDZ, cc-pVTZ, aug-cc-pVTZ, cc-

pVQZ, aug-cc-pVQZ and their uncontracted analogs are
listed in Table IV. ThelH A, values deviate by 14.9
(11.7%, 12.8(10.1%, 8.8 (6.7%), 7.8 (6.1%), 7.1 (5.8%),

and 6.4 MHz(5.0%), respectively, with the aug-cc-pvVQZ
8oasis set yielding the value in best agreement with experi-
ment, 121.1 MHz. Within this group, as basis set size in-
‘creases théH A, converges toward the experimental result.
The largest improvement comes from moving from the aug-
cc-pVDZ to the cc-pVTZ basis set, with a difference be-
fiveen these two consecutive basis sets of about 4 MHz.
However the difference between any two other consecutive
Dunning valence correlation-consistent basis sets is only

TABLE VII. The CCSI(T) energies forX A’ HCS computed at the cc- about 1-2 MHz. L.lncontrac'tlng thzaspace S“_gh_tly degrades
pVQZ CCSOT) optimized geometry employing the frozen core approxima- the agreement with experiment, with deviations from 6.9
tion (cor=core functions frozen, virvirtual functions frozeh MHz (ucs cc-pvQZ, 5.4%-17.3 MHz (ucs cc-pVDZ,
13.59%). A similar situation is found when uncontracting the
sp-space(for all but the aug-cc-pVQZ basis $efs basis set

Total energy

Basis Number of functions _ (hartreg size increases deviations range from 6.3 MHEsp cc-
6-311G+ +(2d,2p) 6 cor/1 vir 72 —436.226599  pVQZ, 4.99%9-16.2 MHz(ucsp cc-pVDZ, 12.7% The ucsp
6-311G+ +(3df,3pd) 6 cor/1 vir 104 —436.273375  ¢c.pVQZ basis set performs roughly as well as the aug-cc-
cc-pVDZ 6 cor 37 -436.180773 PpVQZ basis set. Surprisingly, the small DZP basis set does
aug-cc-pVTZ 6 cor 59 —436.208095  quite well, coming within 5.8% or 7.4 MHz of experiment.
ce-pVTZ 6 cor 78 —436.277299  The difference decreases to 11.5%, 14.6 MHz and 10.9%,
aug-cc-pVTZ 6 cor 119 ~436.283897 13 9 MHz when uncontracting the and sp-spaces respec-
cc-pVQZ 6 cor 144 —436.306 054 . . . . .
aug-co-pvQZ 6 cor 210 _a36308618 tively; however this success is most likely due to fortuitous

cancellation of error&®2®
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The third group consisted of the Dunning core valence
correlation-consistent basis sets listed in Table (&¢-
pCVvDZ, aug-cc-pCVDZ, cc-pCVTZ, aug-cc-pCVTZ, cc-
pCVQ2Z). These cc-pCXZ basis sets yieldetH A, values

very close to those yielded by the cc-K¥ basis sets. The wes ao1a
results make sense in light of the fact that the basis set for uesp 210
hydrogen is the same for both groups. These splittings vary ey g31G
from experiment by 7.4 MHzcc-pCVQZ, 5.8%-14.2 MHz 6-311G g
(cc-pCVDZ, 11.2%. Thes- andsp-spaces of these basis sets e e 2
were not uncontracted due to severe linear dependency prob- . 531137:2320) o
lems. ucsp 6-311G++(2d,2p 8’

Finally theH A, hfs obtained with the large Pople ba-
sis sets appear in Table VI. The 6-311G (2d,2p) gives
the closest agreeme(it22.0 MH2 using CCSIT), deviat-

)
6-311G++(30df,3pd)

ucs 6-311G++(3df,3pd)
ucsp 6-311G++(3df,3pd)

(MHz)

Petraco et al.

000t

4 oove

4 0092

4 00¢e

< 0'0¥e

- 0'09¢

- 0'08¢

DzZP

ing by only 5.5 MHz (4.3% from experiment. The larger e pZp

6-311G+ +(3df,3pd) Pople basis set does about as well as e SBVDZ

the aug-cc-pVTZ Dunning basis set yieldindt A, value ucsp cc-gvoz
of 118.2 MHz, deviating from experiment by 9.3 MHz or ez o
7..3%. Uncontracting the- and sp-spaces for th(_ase basis sets uggg gﬂg:gg:gggg 3
slightly decreases the agreement with experiment as can be aug-ccc-gg\\//gg =
seen from Table VI. Gauld, Eriksson, and Radom found ucs cc-pVTZ 3
similar results fortH A, with larger contracted Pople basis e e g

aug-cc-pVTZ

sets for assorted radical spectésHowever, upon uncon-
tracting thes- and sp-spaces they noted moderate improve-
ment or no change of results. They also obtained relatively

ucs aug-cc-pVTZ
ucsp aug-cc-pVTZ
aug-cc-pCVTZ
cc-pvQZ

198 Siseq Jo uonouny e se SO J1oJ sonfea Sty o (LAasHd

N T U T T T T N T T T T T T T T Y N N N T T T T N Y Y T T Y |

Trrrrrrrrr1 1T r1rir 1511t rr 1T T

. . . . -pVQZ
poorer hfs values with the Dunning correlation-consistent ba- 4oSp Go-pVQZ
sis sets. Results changed little whenand sp-spaces were AL

uncontracted and did not necessarily improve #HeA .
However, the large basis set CCQI values are a signifi- FIG. 2. Variation of the CCS[T) 13C A, values as a function of basis set.
cantly improved relative to the constant obtained by Webstefll hyperfine constants were computed at the cc-pvVQZ/CC3Dptimized
(109.8 MH32 at a CISD 6-311&* geometry using second- 9eomet.

order perturbation theory techniqu&g'

CCSD(T) carbon isotropic splittings and approaph those yielded by the large Pople sets, with
] ] 33 values ranging from 264.0 MHaug-cc-pVQ4-274.0 MHz
F(_)cusmg _on_t_he Fermi contac_t terms for i€ and®*s (ucsp cc-pVQZ The®C A, produced by the Dunning core
nuclei, the reliability of the theoretical results and the effects, 51ence basis sets do not vary as wildly as their valence basis
of basis set uncqntraction are more Qiﬁicult to judge due tqyet counterparts with values ranging from 263.6 Midag-
the lack of experimental data. Quantitative accuracy'far cc-pCVD2)—279.2 MHz(cc-pCVD2). Notable is that as-
hyperfine constants has been demonstrated for a number gf, 4 spspaces are uncontracted within the valence
diatomic systems in the literature. For example, Feded . relation-consistent basis sets, Hi@ Ais, Values approach
et al. found Ajs, constants within 2 MHz of experiment for ,,qe yielded by the core valence analogues. Also, as the
X ?£* CN and CP using a complete active space wave funchumber of functions increase for the contracted valence cor-
tion and an uncontractedp-space Dunning correlation- relation consistent basis sets, tiig, value approaches that
consistent basis sét.In their systematic diatomic study, un- yielded by the core valence analogue. It is reasonable to
contraction of thespspace was found to be critical. expect the trué3C hyperfine constant for HCS to fall near
However, Fig. 2 illustrates that our CC8D 3C hyperfine 264 MHz with an error of perhaps 10 MHz.
constants show extremely large variation which severely lim-
its prediction of an experimental value. The effecsaindsp
uncontraction is much more visible in this case relative to
that for hydrogen. However, the large Pople-type sets again Figure 3 shows the variation 6fS Ay, with the number
show an invariance to uncontraction and produce the mogif functions in the basis set. Here the largest effects of un-
consistent results with*C A, values ranging from 261.6 contraction are observed as even the values using large Pople
MHz [ucsp6-311G- +(3df,3pd)]-265.6 MHz [6-311G basis sets are significantly altered. The smaller 6-311G Pople
++(2d,2p)]. The Dunning valence correlation-consistentbasis set interestingly predicts a val(®0.4 MH2 in line
basis set values vary significantly more than those producedith those obtained using the larger Pople basis
by the large Pople sets with constants ranging from 247.@ets, [20.3 MHz,6-311G- +(2d,2p);20.9 MHz 6-311G
MHz (aug-cc-pVTZ-294.4 MHz(cc-pVD2). There is some  + +(3df,3pd)] unlike for 'H and 3C A,. Note too that
indication that these basis sets will converge on some valuthe valence and core valence correlation-consistent Dunning
as the predicted’C A, seem to settle past ucs aug-cc-pVTZ sets seem to predict relatively invariant values past ucs aug-

CCSD(T) sulfur isotropic splittings
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3Bg A (MHz) TABLE VIII. B3LYP isotropic hyperfine splittinggMHz) computed using
iso the cc-pVQZ CCSIT) optimized geometry for thX A’ state of HCS.
o 8 > 8 &
° ° o o o Basis Total energyhartree  *H Bc  3Bg
T T T
321G
ucs 3-21G 3-21G —434.618 643 97.76 303.89 13.39
uosp 321G 6-31G —436.759 270 116.38 352.18 18.85
oS 6310 6-311G+ +(2d,2p) —436.849619  124.63 280.00 8.86
ucsp 6-31G 3 6-311G+ + (3df,3pd) —436.855 137 123.11 277.73 9.75
vos Ho11G 5 cc-pvTZ ~436.856686  123.92 27037 19.01
ucsp 6-311G 2 aug-cc-pVTZ —436.857 983 125.08 266.39 18.91
6-811G++(2d,2p) o ce-pvQzZ —436.864 485 126.07 281.85 14.65
ucs 6-311G++(2d,2p) 4
ucsp 6-311G++(2.2p) & aug-cc-pvQz —436.865 001 127.35 279.45 14.36
6-311G++(30f,3pd)
ucs 6-311G++(3df,3pd) Expt?2 127.43

ucsp 6-311G++(3df,3pd)

*Experimentally determinedvibrationally averaged isotropic hyperfine
DZP .

ucs DZP coupling constantRef. 8.

ucsp DZP

cc-pvVDZ

ucs cc-pVDZ

ucsp cc-pVDZ

cc-pCvDZ

aug-cc-pvVDZ

ucs aug-cc-pVDZ

ucsp aug-cc-pvDZ

aug-cc-pCVDZ

cc-pvVTZ

ucs cc-pvVTZ

ucsp cc-pVTZ

cc-pCvVTZ

aug-cc-pVTZ

ucs aug-cc-pVTZ

ucsp aug-cc-pvVTZ

aug-cc-pCVTZ

cc-pVQZ CCSDT) geometry and the Pople basis sets that
gave theworstresults using CCSO) spin densitieg3-21G

and 6-31G. The constants were found to be 97.8 and 116.4
MHz, respectively, and illustrate the importance of using an
adequate basis set even for DFT treatments. Consistent with
the work of Chen and Huarfj,the B3LYP/B3LYPH A,
values are in superb agreement with experiment with values
ranging from 122.7 to 127.8 MHz. The Dunning basis sets

s19s siseq Bujuung
198 S1SBQ JO UOTOUNJ ® SB §OH 0] senfea Sty S¢e (DAsOd

Trrrr 11 frrrrrrrrrrrr 1 1 1T 11T T 1T T T 1T T T 1T 011

s e NZ produce very consistent values, and the aug-cc-pVQZ result
chgcﬁ%gzg% of 127.6 MHz shows that the DFT results of Chen and
aug-cc-pvQzZ . . ' Huang remain steady upon advancement toward the basis set
limit.
FIG. 3. Variation of the CCSI) 23S A, values as a function of basis set. As can be seen from Tables VIII and IX for a given

All hyperfine constants were computed at the cc-pVQZ/CO3Dptimized

geometry. Dunning valence correlation-consistent or large Pople basis

set 13C and **s A, values computed with DFT are very
close between the CCSD) cc-pVQZ geometry and B3LYP
cc-pVTZ, (19.7 MHz, aug-cc-pCVTZ-24.5 MHz, ucsp aug- geometries. Values differ by only 1-4 MHz fOIC Aje, and
cc-pVT2) and gravitate towards the large Pople basis seb.1-1 MHz for®*SA;, within a given basis set. The situa-
predictions, similar to the trends observed fBc A,. tion is somewhat different when comparing these values
Again, however, with such wide scatter an estimate of theyielded by CCSIT) vs. DFT. The Dunning core valence
true hyperfine splitting may be placed at around 24correlation-consistent basis sets yield constants in reasonable
+10 MHz. agreement with both the B3LYP/B3LYP and B3LYP/
CCSOT) sets of data, within 1-8 MHz fol*C A, and
0.5-7 MHz for®s A,,,. However, within a given Dunning
Considering the widespread application of density funcvalence correlation-consistent or large Pople basis set,
tional theory to compute hf&3%4%"3we chose to carry out CCSDT) predicts 3C A, to be 14.3 MHz [6-311G
DFT computations on théH, *3C, and *S A, hfs using  + +(3df,3pd)]-19.4 MHz(aug-cc-pVTZ lower than the
B3LYP spin densities at B3LYP optimized geometriesB3LYP/CCSOT) values. The B3LYP/B3LYP constants dis-
within the 6-311G- +(2d,2p), 6-311++G(3df,3pd), cc-
pVTZ, aug-cc-pVTZ, cc-pVQZ, and aug-cc-pVQZ basis
sets. The DFT hfs values computed at the B3LYP optimizedragLE Ix. B3LYP isotropic hyperfine splittingéMHz) using B3LYP op-
geometry will be referred to as B3LYP/B3LYP. The sametmized geometries for thi 2A’ state of HCS.
Ais, vValues were also computed with B3LYP using the cc-

Density functional isotropic splittings

pVQZ CCSOT) optimized geometry and the same basis Basis Total energghartres  'H  *C ¥
sets. These values are designated B3LYP/C@&Results 6-311G+ +(2d,2p) _436.849 643 127.77 284.38 8.78
appear in Tables VIII and IX, respectively. 6-311G+ +(3df,3pd) —436.855 145 122.65 277.09 9.78
The B3LYP/CCSDT) treatments yieldH A, ranging ce-pvTZ —436.856 718 126.15 274.16 18.95
from 123.1-127.4 MHz, in very close agreement with the 22$§S§VTZ :332'2222&7} Eg'gg ;gg?g ii'gi
vibrationally averaged experimental value of 127.43 MHz. aug-cc-pvQz _ 436.865 006 12762 280.05 14.35

The large Pople basis sets perform about as well as the Dun-
ning sets, and the aug-cc-pVQZ basis produces the theExPt 127.43

l . . B
H Aiso in closest agreement with experiment, 127-_4 MHZ.2gyperimentally determinetvibrational averagedisotropic hyperfine cou-
As a test, B3LYP'H A, values were computed using the pling constant(Ref. 8.
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'H A, as a function of bond angle
150.0 T T

1450 |
1400 | g
135.0 - . FIG. 4. Variation of the CCSO) and B3LYP*H A,
values as a function of HCS bond angle. Spin densities
1300 - b used to determine the hyperfine splittings were deter-
BaLvP mined using the 6-3116+(2d,2p) basis set. Angle
1250 | cosm . perturbations were made with respect to the cc-pvVQZ/
1200 L CCSDO(T) optimized geometry for CCSD) values and
’ 1 from the 6-311G- +(2d,2p)/B3LYP optimized geom-
1150 L ] etry for the the B3LYP values. The bond distances were
held fixed in both cases.
1100 g

'H A, (MHz)

105.0 |-

100.0 L L L L
128.0 130.0 132.0 134.0 136.0

HCS bond angle (degrees)

agree with the CCS@O) anywhere from 13.7—-26.0 MHz. DFT. Analogous to the work of Chen and Huafdrig. 4
The high level CCSDT) value (264.0 MHz, aug-cc-pVQE illustrates the near linear relationship’sf A, and the bond
is surprisingly 16.1 MHz lower than the the highest levelangle using the 6-3116+ (2d,2p) basis set for both the
B3LYP value (280.1 MHz, aug-cc-pVQY The disagree- CCSDT) and B3LYP data. Note that small perturbations of
ment is even worse when comparing tt8 A, produced the equilibrium bond anglén the order of 1.0°change the
by DFT to those obtained with CC$D). The differences !H hfs by 5 MHz. Figure 5 demonstrates how, with the same
within a given basis set range from 9.3 MHaug-cc- perturbation in the HCS bond ang®C A, vary about the
pVQZ)-11.5 MHz[6-311G+ +(2d,2p) ] which represents a same amount. With such variations, it is not at all clear that
disparity on the order of 39.4% to 56.7% for CCSDval-  the DFT results are in any sense “better” than the CCBD
ues compared to B3LYP/B3LYP values. The disagreement isalues since neither incorporates the effects of vibrational
about the same between CCSpand B3LYP/CCSDT). averaging. In fact, the CCSID) could very well be incloser

For this system DFT performs extremely well when agreement with a hyperfine constant determined from a
comparison is made to experiment fét A5, but this is not  structure which is not vibrationally averaged.
always the cas#3%3173The remarkable agreement of the  Typically, triatomic radicals with larger bond angles
DFT hyperfine splittings with experiment should be takenhave smaller Fermi contact terms due to the increased
with at least three very large grains of sdlf: DFT *H hy-  #-character of the singly occupied molecular orbital
perfine constants can be in error by as much as 30 M2, (SOMO). This generalization should follow for heavy atom
(i) the experimental value has been determined froma isotropic hyperfine splittings as well. Figures 5 and 6 show
brationally averagedstructure, andiii) the 13C and®3s A,  plots analogous to Fig. 4 foF°C A,,, and **S A, respec-
obtained with CCSD) vastly contrast those computed with tively. Note that both CCSO) and DFT predict a mono-

150

B¢ A, as a function of bond angle
300.0 T T T T

T T T T

290.0

B3LYP
280.0 N
FIG. 5. Variation of the CCS(T) and B3LYP¥°C A,
2700 E values as a function of HCS bond angle. The plot was
constructed using the same procedure as for Fig. 4.
CCSD(T)
260.0 i
250.0 - i

L 1 1 1 L 1 1 1 1
1270 1280 1290 1300 1310 1320 133.0 1340 1350  136.0
HCS bond angle (degrees)

B¢ A, (MHz)




J. Chem. Phys., Vol. 112, No. 14, 8 April 2000 Hyperfine splitting of HCS 6253

g A, as a function of bond angle

22-0 T T T T T T T T
200 | —o
cCsD(T)

180 } 1
. 160 1
T
S ol FIG. 6. Variation of the CCSIT) and B3LYP*S A,
2 ’ values as a function of HCS bond angle. The plot was
j 120 | i constructed using the same procedure as for Fig. 4.

10.0 | B3LYP 4

- = ———————
8.0 - 4
6.0 | ]
1 1 1 1 1 1 1 1 1

1270 1280 12900 1300 131.0 1320 1330 1340 1350  136.0
HCS bond angle (degrees)

tonic decrease in th€C A, value as the HCS bond angle is geometry, particularly any parameter which affects the hy-
increased, similar to the behavior fbf A,,. Density func-  bridization of the moleculé’***°As stated earlier, triatomic
tional theory however predicts thé®S A, to increase radicals with larger bond angles usually have smaller Fermi
slightly as bond angle is increased, counter to COS[pre-  contact terms. The trend foH A, is observed in Fig. 4 as
dictions and chemical intuition. From this result it could be Well as in the molecules analogous to HCS listed in Table X.
gathered that CCS[V) perhaps yields isotropic values closer Reexamination of the differences in bond angle and hfs for
to reality for the heavy atoms. In any event, it is clear thatHSIiO and HSIS shows that a 2.0° increase in the angle re-
CCSOT) with a large Pople or Dunning correlation- sults in a 116 MHz decrease in the hyperfine splitting. As a
consistent basis set can describe the spin density well enoudifist approximation, the hyperfine value for HCS might be

to achieve semiquantitative agreement with the experimentdiredicted using a simple proportion of the change in bond
vibrationally averagedH Ai,. angle and the change in the hfs. Since the bond angle in-

creases hy 4.8° from HCO to HCS, the estimated hfs value

for HCS would decrease by 277 MHz. The result of 111

MHz is in qualitative agreement with the experimental value
Finally, we compared the geometries and hydrogen hyef 127 MHz and further justifies the rather small value for

perfine splittings of HCS with the experimental values avail-HCS.,

able for its silicon and oxygen analogs, namely HCO, HSIO,

and HSiS. These parameters are summarized in Table XoNCLUSIONS

Perhaps most striking is the sharp variation in the hfs values

which range from 451 MHz for HSIiO to 127 MHz for HCS. Basis set effects on high level coupled-cluster hyperfine
Habaraet al® and Huang and Chéhalso noted the surpris- constants have been illustrated. Systematic uncontraction of

ingly small *H A, value for HCS relative to HCO. The hfs thes- andspspaces has little impact on the hydrogen isotro-
changes by over 260 MHz from HCO to HCS, while HSiO PIC hyperfine sp_httmgs, al_though such expansion of these
and HSIS are separated by only 116 MHz. Historicalty, = SPaces may be important in other radicals. Large Pople and

hyperfine splittings have been shown to be very sensitive t®UnNing type basis sets consistently yied Aiso values
within 10 MHz of experiment. Given the strong variation of

hyperfine splittings with bond angle, this is as good agree-
TABLE X. Experimental geometrical parameters atid Fermi contact ~ment as might be expected between equilibrium predictions
terms of selected molecules. (theory and the observed vibrationally averaged result. The
13C and®s A, values show larger fluctuations and sensitiv-

COMPARISONS TO ANALOGOUS RADICALS

Molecule 6, (deg H Aigo (MH2) ] - _ h
_ ity to the uncontraction o$ andp-functions and to the addi-

HSIO* 116.8 4513 tion of diffuse basis functions.

HSIS 118.8 335.7

HCOord 127.4 388.9

HCS (132.2f 127.4 ACKNOWLEDGMENTS
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